106

@ H 2 &48%Y AZA0gA383
[Ex170¢ 1 |
nagR F99 A% 754 A4
o x5

Numerical Simulation of Low—Speed Gas Flows Around a Micro-Plate

C. H. Chung

A kinetic theory analysis is made of low-speed gas flows around a micro-plate. The
Boltzmann equation simplified by a collision model is solved by means of a finite difference
approximation with the discrete ordinate method. The method does not suffer from statistical
noise which is common in particle based methods and requires much less amount of
computational effort. Calculations are made for flows around a micro-scale flat plate with a
finite length of 20 microns. The method is assessed by comparing the results with those from
several different methods and available experimental data.
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g} u}A Al(Boltzmann Equation), BGK 2 € (BGK Model)
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® 33t macroscopic FEFRFES A AN 2
A&sted CPU times A ] o4 &9 £ g+
IP(Information Preservation) DSMC ¥ o] [4] A
AlFR et o A= B A EFe ez
3t FE o) AFe) o "aso)

E drdxe 2d FEHEY(Model Collision
Integral) 22 @35 Boltzmann A3 4]& Discrete
Ordinate i3 A€ FIAEYE [5] o] &3l n)
A28 FHY A Hol=2F FFFL HMsAT

2. 51l4 7Y

2.1 Model Equation

23¢9 Cartesian HEA9NA BGK =d
Boltzmann W3 42 [5] B4 ejdlA ofgje Ao
2 J1¢dr

v,,—g{wy—j’é = A (F-7 (1)
A7 VY,V VE & wEd EXEE
L9V, V, V)& TU=E X84 (number density
distribution  function), A¥X F &% X(collision
frequency)olth. AP HE XL F4(local equilibrium
distribution) Fe= ol#e] 2oz Fojzr}

Pt e — 00

&3 A Al & & ¥ $(macroscopic flow
variable)ql 4% 4 &5 [P 2E T5& ey
Zo] USRS TE EASEA G Yol HES
o T8 & 9l

AP =f AV PV 3.1
nUD=[ V. DdV (32)
SwRID =L [ VAV RV 33

71X Z= peculiar velocity ZF=T~T7 °lt}.
ot#f o] FHA4¥ ¥ ¥ (reduced distribution function)
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3V Vo= fanV.Vav, @D

+o0
Koy Vo V)=[  VfanV.V)dv, @2

EPuse £5 Zojd gL 4L Ay,
3
v,E 4 Vy%‘; +Ag=AG 5.1)
ok
Vite +V;5 +Ar=AH (52)
+o0
Quy, V. V)= Fav, (5.3)

HeyV, vy= [ VFav, (64

T2 5A4AE & 71E A gag
ZH4: = (most probable speed) V,=V2RTE ol-&3}
of ol o] FAY VFES =YTF F

F=xL y=3/L n=nln, V=1V,
T=uv, T=7T1T, A=AV, 2=d%/n,
T=Hn, C=G%/n,

W= Hln, ®)

TAEE A el ZHHA(Polar Coordinate
System)& E4% %

Vo= Teing (7.1)
V,= Vosé (72)

¢=ta A VJV) (7.3)
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B=(Voos¢x,— Vsingy /], (83) B=(Vsaspxe— Visingyd/J, (L3

C=(Vsingx,— Veos gy )/ ] 84) C=(V,sing x,— Vscospy) /], (114

Bagus EAZIE e B BE WA
=

o] AF
RggRen, e ¥R A3 F(Jacobian)ol T

22 Discrete Ordinate Method

Gauss-Hermite Hh A 34 (Half range
quadrature)& [7] thge] A3 o] gl #F A
2g wioi(root) VelMel As((weight) Pse o] &
o] Waste Wolth

f:e‘VZV”Q(V)dV =gP3QKV5) ©)

2% ZH(velocity angle) I dWE HRd=
Simpson #3& =¢43E ﬂ*\_ﬁ WEg F3v|
98 A T HAEE €9 FHYPLE B
Alg 4 sk

N K
n=3 3 PsPol (10.1)
N K
W= 3 3PP, Vssnd g (102)
N K
A= 3, 3PP V554 L (10.3)
_3_ N

2 nT= ; ZPSP (hw+vsgaa)

— B+ B) (104)

o719 H N & Gauss-Hermite WX 32 2
Z(order)©) I, K¥ Simpson FHANA A&TzH 7
Fot}.

Bzulye] g FiE 2HE BXFSF FAA
Bos AXNZESESE FiE Rojmz AupEA4y
& tew go] EA&EEA 5P 2xNxK 749
wslel Al(discrete equation)o-2 WL & 3loh

Ba—gﬂﬁ +c—‘?§—'5f’z +Agy=AG, (LD
B% v g pp,=AH, 112

3

G,;,,=—7(Z'Texp{—[(VssinqS,,—U,,)2

HV,088,~U) % T))

H(,=i2 TGy (11.6)

(115)

23 wetxEy

9ol Ae E795d EYHINASL =49
EXo wa} ofde v ¥ (simple explicit
scheme)& ©] &34

_ 2 fED—gfE-RAE, 7)
65 SOE

_ 87 —gof& 1—isA1)

677 Ay
is= sign[ (V50080 ;% .~ Vysing v /]
7= sign[ (Vssing .y ,— Vscsé x )/J

(12.1)

(12.2)

(12.3)
(12.4)

obahel fRRTPRAE dEeoh

25L& D=[D,Gsf& N+Bg L& 11507
+C gofE—50ED(B,+C,+D) (13D
B,=ifcos¢ x . —sing y)/J o) (132
C,=ising,y,—csd )08 (133)
D,=AJVs (13.4)
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FEFSIE o Maxwell 22X 2 =o]At,

Es™ n-;l‘b EXD{—[( VBSin¢a_Ux,b) 2
+(V8(Is¢a_Uy,b)2/Tb]}
h&F'% Tygs

(14.1)
(14.2)

A71A ¥R = AWFEAE Jehdt. g9
Me Yld BA7E gde &x T we
Maxwell X2 zt: diffuse BHAMR A0 AL EY
o},

gw:—”%‘m- eq){—'[(vdansahUmx) 2

(15.1)
b=t Tt (15.2)
for ('c- 7 <0
A7 7= EANYF  (nward normal to
surface) HAUHE oI 42 FAFYEE E(wall

number flux)0 2 v|E] ¢ & glon FHA 9
Argrel YL E(net flux normal to surface)
o] ke ZU & 43t Ao opul 3o}

f("c-?b>0 (e mfde=

_f~ _ (e WFde 16
(e <0

2.5 Collision Frequency
BGK model®] 39 FEVEE g3 o] Fo
At}

A= an

od7leA pE ¢4, = Boltzmann A4, R &
717 ol FENEE A7 Ygild F3rE
d(Hard Sphere model)?] ¥ #2482 (mean free
path)E °|&3te H9 Rdds: 4 = dvzes
2/391 4 12tele] g [8] /MR 4 & coefficient

L X718 | |

of viscosityel™, &3 L 2% &EXNL 0] 7
I St A71A FHA = NEAHE VeI

. _ ¢ Tvo
u = To) (18)

7} 7 (Variable Hard Sphere) Exkxz el [1]

BE 1€ A HEAF-8 Z(mean free path)
A AE 48 g BAZ YEd £+ 9o

ao= 16 Far,

Sl ey (19.1)
Fy= —(7:2%)/-1(5:@ (19.2)
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69m/s ¥ 295K2 n}al47t 0201tk Hue] &%
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B ZEY. (@) A$LE doEZF7t R = 1999
LA5E o Ky = 0252 Ho]% H(transition

regime, (.1<{Kn<1.00°0 AZEet 1) FF< =
olZ247t Re = 10019 FAFE ¥ Ky = 00252
vl G 9 (slip flow regime, (.001< K7n<0.1)°l 3k
gdHth (08 A$LE HolEZFIt Re = 100017

flow regime, Kn<0.00D° 7}7t& mlung g Hol 3l
ga. Holx=x4rt AAFLE F d&A I
NANYASFE FEF WG FHo dFo] vAE
gdo] YW FUE F42ES B F Ut
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o] #W3}7} Information Preservation W (IP) [11],
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b= §Alo) W& Navier-Stokes 48 X34 gk
[14] 2 boundary layer ©]&¢l <& Blausius %3
& [15) o4& A#ASH nja=kRch HolE=2F7t
52t 2 7% Blausius g & A9 b S
o) 43 AFRSo] AFFH vy F AL YL
o, #dolERF7) 2 o8t A4 Navier—Stokes 2]
& o4 Uye AsE F e RAFL Yo
Holz=247} 2 0|8ty A-¢ IP ““ﬂ & ol &% AH
g B A7 A AFF Aol Holn UTh
AYgre] EASA G o 9ol F Ay A
8§58 vy Byge ogge] EAsE AHFEA
ggolxel e AEIFE Aot ¥ 479 ZAH
t Re=0.05 (Kn=10 2% && 39 44 A&
ERAAY (Re=0, Kn=o° td o|&zkel 243t
geoh, IP Wy Adde Helddgd Re=0.2
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